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Abstract Flesh firmness is a characteristic used to indicate fruit quality. Experimental design and data analysis are
important when comparing devices that measure fruit firmness. We compared the Effegi penetrometer operated by hand,
mounted in a drill press and then operated by hand, and mounted on a motorized drive and operated remotely; the hand-
operated EPT pressure tester; the Instron with an Effegi probe; and a hand-operated prototype of the twist tester. Devices
varied in operator differences and precision. Comparisons between devices were at the within-fruit level of variability and,
therefore, more precise than comparisons where different device-operators used different fruit. We demonstrate
statistical methods that are appropriate for making the comparisons of interest and discuss the possible cause of
differences between operators and between devices. We also discuss how the mechanical properties of the devices may
affect results and consider implications for their practical use. In this study, we found the precision of discrimination
between soft and hard apples was best using the Instron in 1992, while the Instron and hand-held Effegi penetrometer were
comparable in 1991. For kiwifruit, the hand-held Effegi penetrometer consistently gave the most precise measurements
of softening in 1991, while the twist test was the most precise in 1992.

Fruit quality assessments usually involve measuring flesh firtareen soft and hard fruit. The usefulness of the design was
ness using a penetrometer. Generally, a probe, with either a fl&v@luated by assessing the factor by which the number of measure-
convex tip, is driven into the flesh, and the maximum force nigents would need to be increased to achieve similar precision with
recorded. Early hand-held penetrometers were developedalgss controlled design.

Magness and Taylor (1925), and from these devices, a range dfurther design gains are possible. With large fruit, such as
devices have been developed by different companies (reviewedjpgles, as many as eight measurements per fruit may be possible
Bourne, 1982). A number of studies have examined the mechaniitbout interference between results (Abbott et al., 1976). These
of puncture testing (Voisey, 1977, and references therein) amdltiple measurements would allow one pair of measurements for
recommendations on using penetrometers include those of Blanpigch of four device-operator combinations on each fruit. Biases
et al. (1978), Smith (1985), and Watkins and Harman (1981).that affect a particular device can, in principle, be corrected by a

The wide use of firmness measurements has led to the perigditable calibration. Inherent lack of precision can be cured only by
development of new devices for measuring firmness (e.g., Studmedesign of the device.
and Yuwana, 1992). Any adequate evaluation of their performance
relative to existing equipment must consider operator differences, Materials and Methods
precision, and ability to detect texture change, as well as differ-
ences in measurement of absolute firmness. Effective experimenPlant material In the 1991 and 1992 commercial apple har-
tal design s critical for comparing devices and comparing differemsts, fruit Malus domesticd. cv. Granny Smith) harvested in
ways of using the devices. Hawkes Bay were collected from the New Zealand Apple and Pear

Previous studies have compared different types of penetravtarketing Board depot in Hastings and were transported to
eters (e.g., Abbott et al., 1976; Bongers, 1992) and investigatettkland. Kiwifruit [Actinidia deliciosg/A. Chev) C.F. Liang et
how experimental design (replicate number and sample siadR. Ferguson cv. Hayward]were obtained from the HortResearch
affects detection of firmness differences (Saltveit, 1978rchard (Kumeu, Auckland) in both years. Kiwifruit and apples
Worthington and Yeatman, 1968). In our study, we used a bakre placed in separate cool stores HEQand firmness experi-
anced, incomplete blocks (paired comparison) experimental deents were undertaken within the first week and after storage.
signtogether with modern statistical analysis approaches to compgmgles were stored for 24 (1991) or 18 weeks (1992), and kiwifruit
different methods of measuring firmness. For relatively modegtre stored for 17 (1991) or 15 (1992) weeks. All fruit were held
effort, our approach has provided information on differencas20°C for 1 d before firmness was measured.
associated with different operators and different methods andPenetrometer devicedMeasurements made in this study in-
information on precision with which methods discriminate b&elve driving an Effegi probe with a convex tip into whole fruit.

However, the mechanism used to drive the probe into the fruit
—_— o differed. Probes with diameters of 11.1 and 7.9 mm were used to
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Fig. 1. Devices used to measure fruit firmnea3 Hffegi penetrometerB) EPT pressure testeC) Effegi penetrometer mounted in a motorized drive, 8dHe twist
test (with insert showing blade). Instron and Effegi penetrometer mounted in drill press are not shown.
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Hampstead, Md.) or a motorized press (Fig. 1c). The motoriz#bign was a balanced incomplete block design, with two devices
press was developed by the Engineering Development Group@f block (fruit) (Gacula and Singh, 1984; Pearce, 1983). There
HortResearch as a standardized method of measuring kiwifiudre two results for each device in each block. A single fruit
firmness. The horizontal beam was driven downward at 156@nstituted a “block.”
mm-mint. The end of the test was detected electronically when theStatistical analysisFrom examining plots of residuals against
probe had penetrated 8 mm into the fruit. The beam then returfited values in the analysis of variance (ANOVA) calculations
automatically to its original position. described later in this paper, we concluded that using log (firm-
The EPT pressure tester (Lake City Technical Produatgss) would best ensure that variances were comparable over the
Kelowna, Canada; Fig. 1b) also is hand-operated. The penetramele range of firmness. To reflect the experimental design
eter probe is located at the end of a pivoting arm, and the armagectly, we needed an ANOVA table (Table 2) in which there
pulled down until the probe enters the fruit to a depth of 8 mmwere three major strata, or levels, of variability. These were
spring returns the arm to its original position, and a load cddetween fruit (“fruit” stratum), between different pairs of measure-
located on a leaf spring within the arm, measures the force. Tients on the same fruit (“fruitdevice” stratum), and within pairs
output is digital and can be imported into a computer or printefineasurements made by one device—operator combination (“fruit
directly. The pressure tester interprets information on the shap& dévicex units” stratum). Relatively imprecise information on the
the penetration curve and provides messages when the measomaparison between device—operator combinations appears in the
ment was taken “too fast” or “too slow”, as well as the prompts “materfruit (or interblock) analysis of the fruit stratum. More precise
slope” and “bad sample” when apples are overly soft or have inimdormation on this comparison appears in the intrafruit (or
pulpiness or bruises. The EPT pressure tester was used in the IifRblock) analysis of the fruk device stratum. For a discussion
off” mode. of the interblock and intrablock analysis for a balanced incomplete
Materials testing machines are widely used in assessing textigsign, see for example Gacula and Singh (1984). The final or fruit
in foods (Bourne, 1982). We used an Instron (model 4301) matadevicex units stratum contains no information on the compari-
rials testing machine (Instron, Canton, Mass.) to apply penetra@on between device—operator combinations. The sum of squares in
eter tests to fruit. The speed of penetration was set at 240 rimis-stratum (188 0.0085) is the total of the sums of squares about
min %, and the test was stopped after penetration to 8 mm de#épe mean for the two results for each device—operator combination
The twist tester consists of a blade fixed &tt@0a horizontal used in each of the 90 fruit.
spindle (Studman and Yuwana, 1992) (Fig. 1d). The fruitis pushed~or our analysis, we used the Genstat ANOVA routine
onto the spindle and rotated around the spindle until the blade
crushes the flesh and the fruit turns freely. The resisting momeaile 1. An example showing the type of experimental design used to
is generated by a counterweight attached to an offset arm. Theompare penetrometers. The table indicates how four operator—device
angle that the fruit rotated before tissue failure was measured usingembinations were tested against each other. For each operator—device
a potentiometer connected to a chart recorder (model R-g1ombination, firmness was measured twice, one on each of wo
Rikadenki, Tokyo). This angle then was converted into acrushingOppos'ng sides of the fruit. In this example, there are six pairwise

comparisons, against 45 and 65 pairwise comparisons in actual experi-

strength using formulas described by Studman and Yuwana (1992) -t "in 1991 and 1992 respectively.

In 1991, we compared Effegi hand-held penetrometer, Effeai

penetrometer mounted in a motorized press, EPT pressure teSgrator—device Operator—device combination
and Instron. In 1992, we compared Effegi hand-held penetrometgppination DahHand  Dan-EPT  Cloe-Hand Cloe-EPT
Effegi penetrometer mounted in a drill press, Instron, and twjst

n-hand 12 3,4 56
test. All measurements were made to the nearest 1 N, except foptheppt 78 9 10

twist test, which was measured to the nearest 7 KPa. Cloe-hand 11 12
Operators All operators were members of the postharvegi . ept '
group of HortResearch and had at least 1 year of prior experience _
using hand-held Effegi penetrometers. None of the operators E%Ié?rators are identified by pseudonyms. ~ _
used the EPT pressure tester, twist tester, or a drill press to opetat t“menzs are d'%eg‘gffag;’%’ abbre"'att'onts' hand = hand-held Effegi
the Effegi penetrometer before these experiments. Operator Wl orme €f and =2 7 = B pressure tester.
- L “Each number identifies an individual fruit.
allowed sufficient measurements to familiarize themselves wi
the devices before the start of each series of measuremanisie 2. Overall analysis of variance table for stored kiwifruitin 1991. The
Pseudonyms identify operators. Genstat statement BLOCK fruit/device gives the error structure needed
Experimental designSlices of skin were removed at four to get.this taple.in which efich anglysis of variance mean square is
equidistant points around the equator of each fruit. Firmness the@ssociated with its appropriate residual or “error” mean square. The
was measured on opposite sides of the fruit for each device residual mean square is a variance estimate for variation in that

operator combination before passing the fruit to the next device=>tratum-

operator combination for firmness measurements on the remairdggrce of Degrees of Mean

opposite sides. This process allowed us to compare the deviggmtion freedom square

operator combinations relative to variation between differeR{i siratum (interfruit analysis)

measurements on the same fruit, thus, excluding any fruit-to-frufoyice 9 2.233

component of variability. Each person (Amy, Cloe, Dan, and Ed ipgsiqual 80 0.127

1991 and Ben, Dan, Ed, and Fay in 1992) used each instrunggit x gevice stratum (intrafruit analysis)

with the exception of the Instron and motorized press, which WelSeyice—operator 9 3.146

presumed to be operator independent and, thus, were operatedi¥iqual 81 0.0096

FRH. o Fruit x devicex units stratum 180 0.0085
Two fruit were used, giving two sets of measurements for eaglyy 359

pair of device—operator combinations (Table 1). Formally, the
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(Maindonald, 1992; Payne et al., 1993; Pearce, 1983), whiclmisan square (variance estimate = sum of squadegrees of

able to give the table described in the previous paragraph. Tabie&dom) based on differences between measurements on opposite
may be obtained from an ANOVA table thatignores the hierarchides was used as a measure of inherent variability (lack of
cal error structure by a suitable repartitioning and grouping of recision) of each device—operator combination. Boxplots were
entries in the rows. Typically, it is expected that the error meased to display fruit-to-fruit variation and differences of individual
square for differences between fruit (i.e., in what Table 2 calls theasurements for a device—operator combination from the fruit
fruit stratum) will be larger than the error mean square for compamiean. These helped to identify outliers. We used the robloc
sons between different devices on the same fruit (i.e., in the ffuitction in S-PLUS (Statistical Sciences, 1991) to determine

x device stratum. By using a design and accompanying analyslsust estimates for the variance based on differences between
that allows comparison of devices relative to this second andasurements on opposite sides. Such estimates are not affected
smaller error mean square, we avoid the unnecessary “noise” tiyaan occasional large outlier.

differences between fruit would otherwise add to the comparisonWe used Bartlett's test for homogeneity of variance (Miller,

of devices. This analysis may be extended to split the stratli®86) to check on apparent variance differences between device—
variances into components of variance, as in the Genstat REbflerator combinations. Because Bartlett's test is sensitive to
analysis (Payne et al., 1993). We have not taken this further stepamormality, it was important to use this test with checks on

it would not assist data interpretation. outliers and with a low significance levél € 0.01).

ANOVA tables, tables of means, and standard errors of differ-Analysis oftwist tester measurementbhe data presented in
ences (SEDs) of means were determined for each combinatioRigf 2 allowed us to relate kiwifruit twist test measurements (1992
year, before or after storage, and fruit (kiwifruit or apple). It wasly) to penetrometer measurements. To compare variability be-
necessary to make comparisons between storage and hatwesin the two types of device, we needed to reduce them to a
results relative to between-fruit variation. common scale. Because we wished to place the two scales on an

To get an approximate overall comparison between deviagual footing, neither of the regressions log y on log x nor log x on
operator combinations, we made the simplifying assumption thag y was appropriate for this purpose. Instead, we estimated a
within-fruit variances for the different device—operator combiné&inctional relationship, as described in Kendall and Stuart (1979,
tions were similar. The overall SEDs and least significant diffey- 409—412). We assumed that with y = twist test result and x =
ences that are presented should be used as broad indicatoperuétrometer result, the errors in log y and log x have equal
differences. The variance ratios for testing for differences betwegmniance. Then log y = 2.428 + 1.16# € 0.025) log x. The line
device—operator combinations always were so large that foriisahown in Fig. 3. The same transformation has been used for apple
use of an F test was unnecessary. twist measurements to get comparability with other devices.

In addition, analyses were performed for each individual de-Over the range of measurements used, the relationship was
vice—operator combination. As before, these partitioned the tdiaéar. The approach can be extended to handle situations where
sum of squares into a sum of squares for between-fruit variatiba relationship is nonlinear. For example, one might precede the
and two sets of sums of squares for within-fruit variation. Tlealibration just described with using a smoothing function to
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Fig. 2. Relationship between penetrometer and twist test measurements of kiwifruit firmness. Measurements obtained using the twist test are plotted against firmn
according to penetrometer measurements. The solid line is obtained as described in the text. Broken lines (- and ----) are smoothed curves using S-PLUS
smoothing function for y on x and for x on y, respectively.
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Fig. 3. Relationship between firmness of opposite and adjacent quarters of kiwifruit. Firmness was measured using an Instron with a probe 7.9 mm in diamete
Measurements, xx,, X,, and x were made in order around the fruit equator. The graphs gjosuifs of pairs of opposite sides plotted against each otheBand (
andC) sums of pairs of adjacent sides plotted against each other. Values are in newtons.

provide a transformation to aTable 3. Comparison of between- and within-fruit (fruitevice stratum) mean squares. Notice that between-
linear relationship. The S-PLUS fruit mean squares generally are much larger than within-fruit mean squares. This difference has
“loess” smoothing function implications for experimental design. The mean squares have been used to calculate the estimates of the
(Chambers and Hastie, 1991) is number of fruit required to achieve the same precision when different device—operator combinations are
suitable for this purpose. The used with different fruit that appear in the last column.

presentation of data in the fig-

g Mean squares Fruit no.

\ljvr:rs els dti)g(s;ﬁcsj SO; dusairdsnr/;ecsotrz?}ruit Between Within Eff. No. Alt. expt?
mended by Maindonald (1992). 1991

Kiwifruit Harvest 0.40 (80)  0.024 (81) 0.556 90 90x 9.3

Results and Discussion Storage 0.13 0.0096 0.556 90 80.3

Apple Harvest 0.0068 0.0026 0.556 90 20.5

Pre”minary investigations Storage 0.014 0.0021 0.556 90 93.7
There were four measurements 1992

on each fruit, two (on opposite Kiwifruit Harvest 0.15 (143) 0.015 (148 0.542 156 156 5.6

sides) with one device—operator Storage 0.057 0.018 0.542 156 1%66.7

combination and two with an- Apple Harvest 0.0084 0.0042 0.542 156 56.1

other device—operator combina- Storage 0.015 0.0031 0.542 156 168.6

tion. T.h's methodology  WaS zEgf = efficiency of estimation of means of device—operator combinations in the within-fruit stratum.
determined after preliminary yaj. expt. = number of fruit required to achieve the same precision in an alternative experimental design that
studies with apples and kiwifruit tests different device—operator combinations at the between-fruit stratum with four measurements per fruit.
using one device (Instron). ThereThus, for 1991, kiwifruit at harvest, the relative number is (0:58610)+ 0.024 = 9.3.
are three comparisons of pen*Degrees of freedom.
etrometer measurements Xx,,
X, X, (taken in order around the fruit equator). OneHx,— x,— differences in variability between kiwifruit and apples and be-
X,) compares pairs of opposite measurements, while the othertween harvest and storage. These are average variabilities over
(X, + %, =X —x,) and (x + X, — X, — x,) compare pairs of adjacentdevices and over operators. Table 3 also includes information that
measurements. The variance of these comparison statistics rabbaws an assessment of the benefit of our design relative to a
sures the consistency of the pairs whose difference is taken, wahign in which different device—operator combinations were
small variance indicating high consistency. The variances wateays tested on different fruit. To keep the comparison fair, we
28.3, 42.2, and 37.5 for apples and 42.2, 85.6, and 70.5 desume, for both designs, four measurements per fruit. The table
kiwifruit. While the differences were not significai® € 0.05), shows how, depending on fruit-to-fruit consistency, an experi-
and outliers were a contributing influence, these results providaedntal design that allows comparisons to be made at the within-
a prima facie case for working with pairs of opposite measufaiit level of variation may reduce the number of fruit and
ments. The plots shown in Fig. 3 provide a useful visual checkmpasurements needed to achieve a given precision dramatically.
the consistency between different pairs of readings. The first pldsing a better design often is preferable to increasing the number
comparing pairs of opposite measurements, shows less scatterdharperimental units. Where fruit were more consistent (compare
the remaining plots, which compare pairs of adjacent measwapples with kiwifruit; Table 3) the gains are smaller.
ments. Differences between methodiéeasurements of firmness are
Fruit variability. Within-fruit mean squares (variances) foused in two ways. First, the absolute firmness value can be used in
different devices on the same fruit in Table 3 gives an indicatioreofegulatory fashion to define the minimum standard of fruit that
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Fig. 4. Fruit firmness according to measurements by Instron, EPT pressure tester, and Effegi penetrometer operated by hand or using a motorized press. Differe
between operators are indicated for the hand-held Effegi penetrometer and EPT pressure tester. Measurements were made during the 1991 fruit season using &
(A) at harvest andB| after storage and kiwifruiQ) at harvest and)) after storage. EPT = EPT pressure tester, Hand = hand-held Effegi penetrometer, and M. Press
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growers must achieve before their fruit will be accepted by expgeneral, the device for which the variance is smallest is clearly
or retail organizations. Second, change in firmness is usedést. Outliers, which may be due to occasional soft or hard spots,
characterize the rate at which fruit soften. In our study, measwgieuld ordinarily be excluded in the comparison. The robust
ments of firmness varied according to the device used. With hastimates effectively exclude outliers. Frequent outliers, however,
fruit (apples at harvest, Fig. 4a and 5a) all devices except iy indicate that the device is prone to giving aberrant readings.
motorized press provided similar estimates of firmness onceThree of eight Instron variance estimates wé&.63, and much
differences between operators were excluded. The motoritmder than variances 0.0017 to 0.018 estimated for other devices
press (Fig. 4a) underestimated firmness. With soft fruit (stor@dable 4). Using robust estimates reduced all these estimates by a
apples, 60 to 69 N and kiwifruit at harvest and after storage) (Fartor of three or more. The Instron may have been prone to
4), the EPT pressure tester provided the highest estimateoafasional aberrantreadings due to the way fruit were held by hand
firmness followed by the hand-held Effegi penetrometer, motdperhaps the fruit twisted during penetration of the probe). Using
ized press, and the Instron, respectively. Bongers (1992), v®@LUS's (Statistical Sciences, 1991) default boxplot criterion for
assessed firmness of apples (average firmness between 50 andtfi8rs, average numbers of outliers per fruit in differences
N, which is equivalent to soft apples in our study), using the EB&tween the two reading were Instron 9%, motorized press 8%,
pressure tester, Instron, and Effegi penetrometer mounted in a Heid-held Effegi penetrometer 3%, Effegi penetrometer operated
press found a similar ranking of devices. The results from bdidrill press 6%, twist test 5%, and EPT pressure tester 6%. A
studies indicate the need for standardization in any regulatory test suggests that the outlier rate does differ between deRices (
of firmness measurements. Differences in machinery and oper@t66). For each of the columns in Table 4, the Instron robust
may considerably affect the measurement of absolute firmnesariance estimate was always largest or close to largest.

Ability to discriminate between hard and soft friikamining Comparing fruit after harvest and after storagecomprehen-
Fig. 4 and 5 may suggest that the Instron is better than other devdogscomparison would take into account the effect of operator-to-
at detecting differences in firmness. For example, the Instron gaperator variability and assess ability to discriminate when presented
a 14.8-N decline in apple firmness in 1991 (Fig. 4a; cf. Fig. 4m)ith a wide range of firmness. One such test is the ability to
Measurements by EPT pressure tester and Effegi penetroméitgariminate between fruit at harvest and after storage. For this
operated by hand or motorized press indicated average firmrasaparison, we divided differences in firmness estimates between
declined an average 0f9.3,11.2,and 8.1 N, respectively. Howetiaryest and storage by a SED that was based on fruit-to-fruit
while the firmness difference is larger for the Instron, this diffevariability (i.e., on the between-fruit mean square of Table 3). This
ence was often offset by the lower precision with which thigves a t statistic, which we used as a measure of how well the
difference is measured. Differences between measurementsl@rice discriminates. For comparing t statistics, a differere2 of
opposite sides of one fruit provide one possible measure of ithsignificant aP=0.05, and a difference of 2.8 is significanPat
inherent precision of equipment. We checked variance estimatés01. Results from this analysis are presented in Table 5.
for the possible effect of outliers. Table 4 gives nonrobust and,The most precise measurements of change in firmness accord-
where these differed by >15%, robust variance estimates.irig to calculated t statistics were obtained using the Instron and

hand-held penetrometer for

& in 1991, the Instron for
gs in 1992, the hand-held
penetrometer for kiwifruit in
1991, and the twist test for kiwi-

Table 4. Within-fruit variance estimates. Devices that give small variances, and hence are more preciseaB%
be preferred. Where the robust estimate of variance is >15% less than the nonrobust estimate, this |§B
also. Robust estimates omit any “outliers” from the calculation.

Harvest Storage fruitin 1992. Note that the hand-
Instrument 1991 1992 1991 1992 held penetrometer was among
Kiwifruit the more precise devices. The
Instron 0.013 (18 df) 0.030 24df)  0.034 (18 df) 0.0095 (24 df) Penefitof the Instron may be that
(0.010} (0.0095} it is independent of operator.
Motorized press 0.018 (18 df) 0.0053 Influence of operator differ-

encesThe importance of opera-
0.0067 105dF r Q|fference_s should be
( onsidered relative to the abso-

(0.011¥

Hand-held 0.0067 (72 df) 0.010 (96 df) 0.0051 (81 df)

(0.0049) (0.0038}) 1d
EPT pressure tester 0.0072 (72 df) 0.0064 - ::ﬂ;ﬂingfsdp SL?QSS;;TZ;?E
(0.0049j O . :
. the relative firmness differences
Drill press - 0.011 (96 df) 0.018 (0.0%1) that are likelv to occur between
Twist test 0.0054 (96 df) 00084 A% s g’rboth Thus diff
Apple , . Thus, differ-
ences between operatorsaf16
Instron 0.0033 0.0035 0.0035 0.030 N associated with hand-held
. (0.0073] Effegi penetrometers (Fig. 4d)
Motorized press 0.0022 0.0024 are of relatively minor impor-
(0.00090] tance when compared to the 85-
Hand-held 0.0024 0.0021 0.0017 0.0024 N decline in firmness that can
(0.0013] occur during kiwifruit softening
EPT pressure tester 0.0025 - 0.0018 --- (Beever and Hopkirk, 1990).
Drill press 0.0034 0.0040 However, apples soften only
Twist test - 0.0025 --- 0.0028

ZRobust estimate of variance.
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slightly during storage and dif-
ferences between operators of
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<7.6 N are relatively large when compared to the 14.4-N declifigble 5. Precision with which devices discriminate between hard and soft

in firmness (from 74.9 to 60.5 N; Instron, Fig. 4 a and b). fruit. Values represent t _statis_,tics_, which in this conte_xt, we use to
To eliminate operator differences, it is recommended that themeasure how well the device discriminates between fruit at harvest and

same operator be used for all penetrometer measurements (Blanpife&'t after storage. The higher the t statistic the better the precision. See

etal., 1978). The data presented in our study (Fig. 4 and 5) and ift >t for full description.

earlier studies (Blanpied et al., 1978; Voisey, 1977) confirm that Harvest

using different operators can significantly influence firmne?r?strument

values. Bongers (1992), however, did not detect any difference — 1.991 1992
between the four operators used in his study. Kiwifruit

All hand-operated devices examined in this study were subj&étron 6.1 19.2
to operator differences, with the magnitude of the differeni®torized press 10.7
varying between devices and between soft and hard fruit (Fig§lapd-held 9.6-166 18.9-28.4
and 5). Operator differences associated with the EPT presgtfé pressure tester 10.9-15.0
tester were minimal on firm apples but more substantial on Jefll press 19.1-26.1
apples and kiwifruit (Fig. 4). With hard apples, operator diffefWwist test 25.1-26.1
ences were greater when Effegi penetrometers were operated Apple
using a drill press than when operated by hand (Fig. 5a). Tihigron 8.7 13.5
ranking reversed with soft apples and kiwifruit (Fig. 5 b—d). Wéotorized press 6.2
found that the drill press was more awkward and slower to use, Hadd-held 5.2-11.2 5.4-9.6
did not always reduce operator differences. Before proceed#RJ pressure tester 5.6-7.8
with using a drill press, it is worth checking that this method iXill press 3.6-6.5
providing some advantage over the hand-held penetrometer. Difist test -4.1-5.1

ferent results might be expected depending on the model of Ci—'a?.ilhgle t-statistics are given where device is independent of operator.

press used and on the strength of the springs and smoothness gftagange of t statistics is given when multiple operators have used the
downward action. device.

The cause of operator differences associated with hand-held
penetrometers may arise from the speed, angle, depth, or acceterssistency is an interesting issue, particularly if measurements of
tion used to push the probe into the fruit. In preliminary investig@mness by a single operator vary from day to day depending on
tions using the Instron, we found that the speed and angle at whishor her mood and health.
the probe enters the fruit appears to have little effect (data noEase of use of devicesand-operated devices such as the Effegi
shown). This is in agreement with recommendations that {henetrometer give full manipulative control of position of pen-
Instron can operate at speeds between 50 and 250 niiwimém etrometer and fruit. When the Effegi was mounted in a drill press
measuring flesh firmness (Smith, 1985). Examining forced a motorized press, the operation was slowed by the require-
distance curves generated by the Instron (data not shown) inaiént for accurate placement of the fruit. All Effegi penetrometer
cated that force reached a maximum value within the first femeasurements involved reading the dial and entering the value
millimeters of penetration in this study and, subsequently, daato paper or directly into a personal computer. This increases the
clined or remained constant (type B and C curves; Bourne, 19§®)ssibility of errors occurring during reading and recording of
Thus, operator differences are unlikely to be caused by differenealsies. In our opinion, the EPT pressure tester was the easiest
in the depth that the probe is pushed into the fruit. device to use to collect firmness data. Fruit were easily positioned

Comparisons of measurements by the motorized press ander the probe, the movement of the hinged arm was simple, and
Instron suggest that operator differences may be associated thichdata was automatically transferred to a computer or printed
the way the probe was accelerated into the fruit. The motorizedo paper.
press was subject to a systematic error. While the penetrometéiVhen considering the ease of use, it is important to examine
was driven downward at a constant speed, acceleration intoltbe the measurement of firmness fits in with other tests of fruit
fruit was determined by the distance the spring was compresgedlity. For example, evaluating apple maturity and quality at
before the probe entered the fruit. Thus, we speculate that accelaarest routinely involves measurements of internal ethylene
tion into the flesh was slow in hard fruit and rapid in soft fruitoncentration, skin background color, flesh firmness, soluble
Comparisons of the motorized press with the Instron, which haso#ids concentration, and starch pattern index (e.g., Watkins et al.,
constantvelocity, indicate thatthe motorized press underestimét@€?). In our laboratory, we often combine measurements of
firmness of hard fruit (Fig. 4a) and overestimated firmness of sfifinness and soluble solids by transferring juice expressed onto the
fruit (Fig. 4d). Voisey (1977) found that, while most operatotip of the penetrometer probe directly onto a refractometer (Watkins
apply a smooth increase in force when using hand-held penetretal., 1992). This operation is easily performed when using the
eters, other operators changed the rate of force applicatiorEffegi penetrometer operated by hand, Effegi penetrometer mounted

momentarily relaxed the force just as the tissue yielded. in a drill press, and the EPT pressure tester.
Ranking of operators according to firmness measurements gave
a similar order on each assessment date. For example, Amy always Conclusion

provided the highest firmness measurement with a hand-held

Effegi penetrometer (Fig. 4). Thus, it may be reasonable to assume&his study shows the large gains that are available from an
that operator-to-operator differences are similar at all evaluatififective experimental design. It demonstrates that differences
times. Further studies are required to validate this finding. Chetween operators can be a significant problem when hand-
experiments involved relatively small numbers of measuremeafgerated devices are used to measure firmness. Our results rein-
for any operator. We have no information whether operators darce the recommendation that the same operator be used when
maintain consistency over a long series of measurements. Opetaad-operated penetrometers are used to measure flesh firmness
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for comparisons of pre- and postharvest treatments or to foll§@ndall, M.G. and A. Stuart. 1979. The advanced theory of statistics, 4th
fruit softening (Blanpied et al., 1978). When devices, such as dri@d. Griffin, London. _
presses, are used to drive the penetrometer probe into fruit, it wd(#gness, J-R. and G.F. Taylor. 1925. Animproved type of pressure tester
be sensible to check that they do indeed improve the precisionf the determination of fruit maturity. U.S. Dept. Agr. Dept. Circ. no.
measurement a’?d reducg dlfferen.ces betwegn opera}tors OVELL] donald, J.H. 1992. Statistical design, analysis, and presentation
more simple devices available. Using a materials testing machirg - 101

. . . .~ issues. N.Z. J. Agri. Res. 35:121-141.
to drive the penetrometer probe into fruit seemed to providgfler, R.G., Jr. 1986. Beyond ANOVA, basics of applied statistics.
consistent method of measuring firmness. With apples the Instragiley, New York.
provided a precise measurement of softening. Although the Instragne, R.W., P.W. Lane, P.G.N. Digby, S.A. Harding, P.K. Leech, G.W.
provided less precise measurements of kiwifruit softening, it hadorgan, A.D. Todd, R. Thompson, G. Tunnicliffe Wilson, S.J. Welham,

the benefit of greater operator independence. and R.P. White. 1993. Genstat 5 Release 3 reference manual. Clarendon
Press, Oxford.
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